The nucleotide sequence has been determined of a 2.2 kb segment of kinetoplast DNA, which encodes the major mitochondrial transcripts (12S and 9S) of Trypanosoma brucei. The sequence shows that the 12S RNA is a large subunit rRNA, although sufficiently unusual for resistance to chloramphenicol to be predicted. The 9S RNA has little homology with other rRNAs, but a possible secondary structure 1s not unlike that of the 2.5-fold larger £. coli 16S rRNA. We conclude that the 12S RNA (about 1230 nucleotides) and the 9S RNA (about 640 nucleotides) are the smallest homologues of the E. coli 23S and 16S rRNAs yet observed.
INTRODUCTION
An extraordinary structure is formed by the DNA in the single mitochondrion of the unicellular flagellates, the Kinetoplastida. In the case of the bloodstream parasite, Trypanosoma brucei, lO'' minicircles of 0.3 ym and 50-100 maxicircles of 6 pm are interwoven into a network with a molecular weight of 4 x 10 9 (reviewed 1n refs. 1 , 2 and 3). The min1c1rcles are extremely diverse, with 100 or more different sequence classes within the network (4); the rate of evolution 1s very high (1,5). In contrast, maxicircles are homogeneous within each strain (6) and the sequence is quite well conserved among different species (7). Cloned fragments of part of the maxicircle have been used to show that at least two major and six minor transcripts derive from the maxicircle 1n J. brucei, whereas the minicircles are not transcribed (8). The two major species closely resemble the 9S and 12S RNAs found in Leishmania mitochondria (9, 10) . A number of properties suggest that these major RNAs might be ribosomal RNAs. They are the only abundant high molecular weight RNAs found in trypanosome mitochondria, are equimolar and they are not retained on oligo (dT) cellulose (8,11). These are characteristics of mitochondrial rRNAs in other organisms. Further support comes from the high conservation of the sequences and sizes of these transcripts among kinetoplastid flagellates (12) and from the observation that they derive from single adjacent genes (8) .
However, certain features cast doubt on this suggestion. The 12S and 9S RNAs are very short compared to other rRNAs [1080 and 590 nucleotides in length, respectively (8) , compared to 2904 and 1542 for Escherichia coli rRNAs], and the genes encoding these RNAs are arranged in the unprecedented order (5' to 3') of larger RNA to smaller RNA. Further, all attempts to isolate a ribosomal fraction containing these RNAs have been unsuccessful. It has even proved to be difficult to demonstrate that protein synthesis takes place at all in these mitochondria as it does in others.
It was therefore expected that the sequence of the genes encoding the 12S and 9S RNAs would resolve their function, and perhaps also illustrate the minimum requirements for functional ribosomal RNAs.
MATERIALS AND METHODS
The Isolation of trypanosome RNA, restriction enzyme digestion of DNA, gel electrophoresis of DNA and n1ck-translat1on or end-labelling of DNA were done as described 1n reference 8. An EcoRI fragment of the maxicircle of ]_. brucei (RR3) cloned in bacteriophage lambda (13) was used as the source of maxicircle segments for sequence analysis and hybridisation. Restriction fragments were size-fractionated in agarose gels (8) and individual fragments were recovered by adsorption to Sepharose-lysine (14) or activated glass (15) .
SI nuclease protection experiments were done as described by Berk and Sharp (16) . In brief, 1-5 ng of DNA and a 10-fold excess of RNA were co-precipitated with 25 pg tRNA from E^ coli. The pellet was washed with 70% ethanol, vacuum-dried, dissolved 1n 20 pi hybridisation mix [40 mM Pipes, pH 6.4, 400 mM NaCl , 1 mM sodium EDTA 1n 80% (v/v) recrystal 1 ised formamide] and incubated for 4-6 h at 37°C. The DNA was then denatured for 15 min at 85°C and Incubated at 37°C for 16 h. Then 300 pi SI buffer (280 m M NaCl, 20 mM sodium acetate, pH 4.4, 4.5 m M z1 nc acetate, 20 yg denatured salmon sperm DNA and 15 units SI nuclease per ml (Sigma Chemical Co.) were added. After an incubation of 30 m1n at 37°C the reaction was stopped with 75 yl stop-mix (2.5 M ammonium acetate, 50 m M EDTA and 20 pg £. coli tRNA per ml) and the nucleic acids were precipitated with an equal volume of isopropanol. After a 70% ethanol wash, the nucleic aids were dissolved in alkaline buffer (50 mM NaOH, 1 mM EDTA, 2% w/v Ficoll and 0.015% bromocresol green) and run for 4 h at 250 mA (75mV) in a 2% agarose gel. The DNA was blotted onto nitrocellulose by the Southern procedure (17) and hybridised with EcoRI The sequence was established using the JIcoRI fragment RR3 of the maxicircle, which had been recloned into pATl53 (18) . A HindlH-BamHI fragment of 2.2 kb within RR3 had been shown to contain the genes for the 12S and 9S RNAs (8; see Results). Five to ten pg of this 2.2 kb fragment were prepared from the recombinant plasmid and used for all of the subsequent sequence analysis.
The sequence was deduced by cloning restriction fragments into bacteriophage Ml3 for analysis by the chain termination method (19, 20) . Fragments generated by Tag I cleavage were Isolated by gel electrophoresis, and aliquots were further digested by Rsa_I and A]_y_I (all restriction enzymes were purchased from New England Biolabs, Beverly, Mass., USA). These and the products of Mnl I digestion were made flush-ended by treatment with DNA polymerase, where appropriate, and 0.05-0.2 yg were then ligated to unphosphorylated EcoRI linkers (Collaborative Research, Inc., Waltham, Mass., USA, or a gift to F. Sanger from T.P. Wang) using 1-5 units of T4 DNA ligase (Bethesda Reseach Laboratories, Inc., Rockville, Maryland, USA). The enzyme was inactivated by incubation at 70°C for 10 min. ^C£RI (New England Biolabs, Beverly, Mass., USA) (5 units) and 0.1 volume of 1 M Tris-HCl (pH 7.9) were added and the mixture was incubated at 37°C for 3 h. dGTP was added to 0.1 mM and 0.5 units of DNA polymerase I (nach Klenow; Boehringer Mannheim, F.R.G.) were added. This reaction was intended to regenerate the termini normally produced after cleavage with EcoRI, for with unphosphorylated linkers the 3'-terminal GG dinucleotide produced by cleavage probably dissociates. After 15 m1n at room temperature, the reaction mixture was extracted with phenol and the DNA in the aqueous layer was precipitated with ethanol. The products were ligated to an EcoRI vector. The use of unphosphorylated linkers obviated the requirement for separation of the fragments with termini produced by the action of EcoRI from the products of digestion of polymerised, phosphorylated linkers. ^cp_RI (a gift from J. Karn) was also used to cut 0.1 pg of DNA directly with reduced stringency 1n 9 mM Tris-HCl (pH 8.5), 2.5 mM MgCl 2 , 0.5 mM DTT (21) . After extraction with phenol and precipitation with ethanol, 0.01-0.05 yg of DNA were Ugated directly to the vector. The vector used in these experiments was M13mp2 (22) . M13mp7 (23) was used 1n further experiments, having been cut with Hindi to give flush ends and treated with calf alkaline phosphatase (the vector was a gift from G. Winter). Hindi, Alul and Haelll fragments were Ugated directly to this vector. In all these experiments an M13-directed 107 primer was used, prepared from pSP16 (24) or synthesized chemically (25) , a gift from M.J. Gait. Some sequences were inaccessible using this approach, due to a lack of restriction enzyme cleavage sites. Whilst Mnl_I sites were not far removed from some of these sequences, the Mnl I fragments containing these sequences were large compared to some of the other Mnl I fragments and they were not cloned. Sequences from this region were therefore obtained in a different manner: 2 yg of the BamHI-Hindlll fragment was digested with Mnl I and the termini were repaired with [ a -
32 P]deoxynucleoside triphosphates (Amersham International, England) and L. col i DNA polymerase (Klenow fragment). After fractionation on a non-denaturing polyacrylamide gel, the predominant fragments were isolated and used as primers on the recombinant bacteriophage DMAs containing Tag I fragments which had been obtained as described earlier.
The sequences were compiled using the computer program DBUTIL (26) and analysed using a number of approaches (27, 28 ; R. Staden, unpublished results).
RESULTS
Hoeijmakers et_ a_l _. (8) with other hybrids, protected fragments down to 140 bp were easily detected. We have also not succeeded in end-labelling the purified RNAs for RNA sequencing and thus at present the exact termini of these RNAs remains uncertain. This uncertainty is large for the 640-nudeotide 9S RNA which must be located between the end of the 12S RNA gene (about position 1250) and the BamHI site at position 2241.
It proved to be unexpectedly difficult to sequence the Hindi 11-BamHI fragment on which the 9S and 12S RNA genes were located. The principal difficulty arose from a lack of restriction enzyme cleavage sites which could be used to produce recombinant bacteriophage DNAs suitable for verifying some of the longer sequences or for obtaining these sequences in the opposite sense. The situation would have been resolved more readily had it been possible to clone random DNase I fragments of the DNA (29) but, perhaps because of the high (A+T) content of the DNA, this method was unsuccessful. In some cases, therefore, small Mni I fragments adjacent to the uncertain sequence were used as primers on recombinant DNAs containing large Inserts. Figure 2 shows the extent and direction of the sequences used in deducing the result shown in Figure 3 . There are two regions (nucleotides 1-100 and 1163-1437) where the sequence was deduced two or three times from different cloned fragments, but always 1n one direction. These sequences were very clear and these A+T rich regions gave none of the indications of artefacts that are usually observed when difficulties arise. In contrast, a number of problems arose with the very G-rich 3'-term1nal portion, the sequence of which was deduced in both orientations. Where sequences were deduced in the O nucleotides 2445 and 2608 of the E. col i rRNA, 50% and 34% respectively of all the nucleotides 1n these regions match. This region of the £. coli rRNA is even more highly conserved in rRNAs from mammalian mitochondria (31, 32, 38) , yeast mitochondria (39) , chioroplasts (40, 41) and eukaryotic cytoplasm (42, 43) .
Correspondingly, several observations point to an Important role for this region 1n the A site of the Hbosome. A puromydn analogue, used as an affinity label for RNA sequences near the 3' terminus of amino-acyl-tRNA, was found to react with one nucleotide in the 23S rRNA of Intact Hbosomes (44) . The sequence around the site of attachment was deduced (45) , and one of the several positions where this sequence may be located 1s in the conserved region (37) . The region may be at the subunit Interface, for 1t is protected against kethoxal modification by the association of ^. coll ribosomal subunits (46) . One protected methylated oligonucleotide was positioned here by comparison with the location of a methylated oligonucleotide in hamster mitochondHal rRNA (38) . The presence of much of this highly conserved region in the 12 S RNA strongly Indicates that this RNA 1s a functional rRNA.
An Interesting point 1s the partial absence 1n 12S RNA of a region that 1s thought to be involved 1n the sensitivity of Hbosomes to chloramphenicol (CAP) (Fig. 4 and 5 ). This region consists of two decanters separated by a stem and loop. F1g. 5 shows that the sequence of both decamers 1s completely conserved 1n bacterial, chloroplast and mitochondrial ribosomes. All mutations that give rise to chloramphenicol resistance of mitochondrial ribosomes result in point mutations in either of these decamers (39, 47, 48, 49) . Moreover, the chloramphenicol-resistant cell-sap ribosomes from Physarum (42) and yeast (43) contain several changes 1n the decamers, even though the over-all sequence and apparent secondary structure of this region 1s conserved. Figs. 4 and 5 show that one of the decamers 1s altered 1n the 12S RNA whereas the other 1s absent altogether. We predict therefore that the ribosome 1n which this 12S RNA Is presumably contained will lack the sensitivity to chloramphenicol which 1s characteristic of mitochondrial ribosomes 1n general.
Secondary stuctures, based on experimental work on E. coli 23S rRNA and comparative sequences, have been deduced for large subunit rRNAs of £. coli and mammalian mitochondria (35, 36) . The structure of the highly conserved region is preserved in yeast and mammalian mitochondria and, probably, chloroplasts (35, 36, 38, 41) . It 1s possible to form an analogous structure with the sequence in Figure 3 between nucleotides 867 and 1138. 
4).
Beyond the long range interaction of nucleofides 1127-1138 with 867-879, the 3'-terminal region of the 12S rRNA does not seem to be able to form structures analogous to the 3' termini of non-mitochondrial rRNAs (35, 36) . However, as 1n mammalian mitochondrial rRNAs, there 1s an almost identical sequence corresponding to the loop of the 2650-2670 hairpin 1n the £. coli 23S rRNA (Figure 4 ). This hairpin, the site of a-Sardn cleavage, may also be part of the A site of the ribosome (43) . The 3'-terminal region is perhaps slightly longer in the trypanosome mitochondrial 12S rRNA compared with mammalian mitochondrial 16S rRNAs. This is the only segment of the trypanosome rRNA which may be as long as or longer than the corresponding segment of mammalian mitochondrial rRNAs, which 1s rather surprising where there 1s (except for the above hairpin) so little obvious conservation of sequence or structure. However, our present assignment of termini predicts that the 12S rRNA would be 1256 nucleotides in length, which agrees quite well with the value of 1240 nucleotides deduced from the hybridization experiments.
There 1s very little similarity to other rRNAs 1n the 5'-terminal 800 nucleotides of this gene, which correspond to approximately 2000 nucleotides of £. coli 23S rRNA and 1050 of mammalian mitochondrial rRNAs. Even the otherwise well-conserved regions of large subunit rRNAs cannot be certainly Identified, which Impedes attempts to extend convincing possible secondary structures and thereby analyse the minimum requirements for a ribosomal RNA. B. The 9S RNA Figure 6a shows those sequences in the region of the 9S RNA gene that are Identical to sequences 1n the 16S rRNA of ^. coli. Some of these sequences are also found in mammalian mitochondrial rRNAs, and an extra region of identity is shared with the bovine mitochondrial 12S rRNA. If these matches are significant, the 9S RNA would be even less similar to other rRNAs than are the mammalian mitochondrial rRNAs to prokaryotic or cytoplasmic rRNAs (31,55; H.F. Noller and C.R. Woese, personal communication).
The three largest blocks of Identity comprise 8, 9 and 13 nucleotides. The first block 1s within a region 1n which 19 of the 26 nucleotides (from 1433 to 1458) match the sequence 1n £_. col 1 16S rRNA of nucleotides 509 to 534 (compare Figures 6a and 6b ). This sequence and structure is highly conserved among bacteria (56, 57) and can be Identified in the sequences of mammalian mt rRNA genes (34), the yeast mt 18S rRNA gene (58) and the Xenopus laevis and yeast cytoplasmic rRNA genes (59, 60) . This region of the £. coli 16S rRNA appears to be involved 1n binding ribosomal protein S4, based on the recovery of oligonucleotides cross-linked to S4 after irradiation with ultra-violet light (61) and on homology between the 16S rRNA and the site of translational inhibition by S4 of the a operon (62). The local structure around 1433 to 1460 does not quite match that of the Ji. coll rRNA, but the S4 binding site on the a operon mRNA also shows a rather dissimilar secondary structure to that of the rRNA (62) . It has been suggested that one role of 117 S4 1s to stabilise the long-range interactions between nucleotides 27-37 and 547-556 and between 564-570 and 880-886 (56) . (Figure 6b represents diagrammatically the structure of E. coli 16S rRNA according to these authors.) The homology with the Z. coli sequence may therefore predict that the 9S RNA can form analogous long-range interactions.
The second block of identical sequence is between nucleotides 1497-1505 of Figure 3 and 590-598 of the E. coli 16S rRNA. Using provisional secondary structures for mammalian mt rRNA (H.F. Noller and C.R. Woese, personal communication; 55) and eukaryotic cytoplasmic rRNAs to optimise alignments of rRNA sequences, 1t seems that this region is very poorly conserved. However, there appears to be some similarity between the ^. col 1 and yeast mitochondrial rRNAs at this point, despite a different putative secondary structure (58) . It 1s, therefore, possible that this represents a genuine homology rather than a spurious match in the case of the 9S RNA.
The largest match is found between 1882-1894 of Figure 3 and 1177-1189 of £. col 1 16S rRNA. The human and bovine 12S rRNA sequences (31,34) also match this sequence, but their other sequences in this region and an alignment based on secondary structures suggest that the mammalian mitochondrial sequence 1s homologous with 1331-1339 of £. coli (H.F. Noller, personal communication). Thus, despite the fact that this 1s the largest continuous block of similarity between the trypanosome and £. coli rRNA, this similarity is probably also fortuitous or at least not a useful basis for an alignment of the two sequences. However, the match of a block of 8 nucleotides with human mitochondrial rRNA may be significant.
There appeared to be, therefore, only one sequence (1433-1460) that was clearly homologous to other rRNAs. In order to analyse the sequence in more detail, this region was used as a basis for attempting to form a secondary structure akin to that of prokaryotic 16S rRNAs (56, 57, 63, 64, 65) and that predicted for the small mammalian 12S rRNAs (H.F. Noller and C.R. Woese, personal communication; 55) . Although the low content of C 1n the sequence reduces the stringency of the test when G-T base-pairs are permitted, such an exercise does demand consistency with other rRNA sequences. It also serves an heuristic purpose, with regard to the function of such a small rRNA. The result is shown 1n Figure 6a . It should be stressed that sequences from the termini of the rRNAs and sequences from 9S RNAs of closely related organisms will be required to test a suggested structure.
The structure was expected to show whether smaller sequences matching the £• col 1 rRNA were homologous with that rRNA. Only two such sequences were 118 found, shown 1n Figure 6a at nticleotides 1550 to 1561. These appear to be homologous with a sequence and structure that 1s well conserved in small-subunit rRNAs. Although the 1883-1890 block does not appear to be homologous with the £. col 1 sequence in Figure 6a , it 1s striking that the matching sequence in human mitochondrial 12S rRNA 1s in exactly the same place in its postulated secondary structure (34).
The 5 1 terminus shown was suggested on the grounds that the weak interactions formed by nucleotides 1288-1291 and 1293-1312 are analogous to the long-range Interactions formed by nucleotides 17-20 and 27-37 of the ^. coli 16S rRNA. This is preceded by the sequence ATTTTTG, which also occurs 660 nucleotides downstream. This length 1s similar to the estimated size for the RNA of 640 nucleotides. ATTTTG may be an RNA processing site and was therefore used to define one possible 3' terminus of the 9S RNA.
Although the secondary structures and some sequences near the 3' termini of small subunit RNAs are very highly conserved (31, 55, 57, 59, 60, 66) , not even a tentative match 1s found with these sequences within the sequence 1n Figure  3 . This may Imply that this part of the rRNA has been completely lost, as predicted by the secondary structure in Figure 6a . There are G-G-A-A sequences, usually found methylated within a highly conserved stem-loop structure near rRNA 3' termini, at positions 1930 and 2042. In neither case 1s a reasonable structure formed around the sequence. It is possible that the sequence at 1930 plays a compensating or vestigial role with regard to the sequences normally found 1n rRNAs. Most of the rRNA sequences that are necessary for subunit association (67), connected with codon-anticodon interaction (56, 68) , or methylated (38) 1n various organisms are unrecognizable.
The comparison of Figures 6a and 6b shows that there are analogues of many of the most well-conserved secondary structure interactions of small subunit rRNAs. These include both "universal" (57) and principal (56) interactions which form the very highly-conserved hairpins (such as those around nucleotides 520, 790 and 970 in £. coli) and define the major domains of the structure.
The greatest changes from the E. coli 16S rRNA are found in regions corresponding to nucleotides 50-510, 590-650, 990-1214 and 1400-1542 of the Z. coli rRNA (Figure 6b ). The pattern of simplification and loss of features 1n the first three regions extend the observations on mammalian mt 12S rRNAs (H.F. Holler, unpublished; 34,55), but the changes at the 3' terminus are radical.
119
Two methods were used to test the statistical significance of the matches with £. coli 16S rRNA shown 1n Figure 6a . One was based on the number of ways of arranging the observed number of matches 1n the given order (A.R. Crowther, personal communication), whilst the other calculated the probability of an observed match occurring between the preceding and following matches and proceeded sequentially to all observed matches. Comparing two random sequences of the length of the ^. coli 16S rRNA and of the region wherein the 9S RNA has been located, 1t was found to be highly probable that matches of such length and in the same order 1n both sequences would occur. However, what is significant is that some of the matches involve sequences that are amongst the most highly conserved in all small subunit rRNAs examined previously, and that they can fall 1n an analogous position in the tentative secondary structure. Thus, although this structure and sequence differ greatly from those of other rRNAs, they may be merely extending the trends observed earlier with mammalian mitochondial rRNAs (H.F. Noller and C.R. Woese, personal communication; 34,55).
C. Protein Synthesis 1n Trypanosome Mitochondria
The results discussed 1n sections (A) and (B) show that the 12S RNA manifests homology with the region of other large subunit rRNAs that 1s best conserved and has a number of Important functions related to the A site of the rlbosome, whilst the 9S RNA 1s at least consistent with a small subunit rRNA.
However, there may seem to be alternatives to the conclusion that these are functional rRNAs. The rRNAs could be supplanted in the rlbosome by transcripts Imported from the nucleus, or there may in fact be no protein synthesis in the trypanosome mitochondria. However, in either case the 9S and 12S RNAs would be expected to perform essential functions, for the corresponding genes are among the most conserved 1n kinetoplast ONA (see Introduction) and 1n such rapidly evolving molecules as mitochondrial genomes (34,69) 1t is very unlikely that redundant genes would be retained for long. Two alternative functions for the RNAs are as mRNAs or as factors 1n RNA processing enzymes. Although the genetic code 1n the kinetoplast is unknown, the use of a mitochondHal code does not show reading frames longer than a few hundred nucleotides [c_f. the extensive expression of defined proteins from cloned max1 circle DNA 1n _E. coll reported by Brunei et al. (14) ]. Further, neither alternative function explains the similarities with known rRNAs. Since no kinetoplast ribosomes have been isolated per se, 1t 1s quite possible that the rlbosome contains other small transcripts, which need not be mitochondrial ly encoded. These could compensate for the deficit at the 3' terminus of the 9S rRNA which we have proposed. Such small, extra transcripts would parallel those found in the cytoplasmic Hbosomes of Trypanosoma brucei (70) and Cr1thid1a fasciculate (71) .
The reduction 1n size of vertebrate mitochondrial rRNAs compared with those of eukaryotic cytoplasm, prokaryotes and fungal mitochondria is to some extent compensated for by an Increase 1n the number of ribosomal proteins (72, 73, 74, 75, 76, 77, 78) . A consequence of this 1s that the nucleus may be seen as slowly supplanting mitochondrial genetic funtions. If the kinetoplast ribosome is found to contain an even higher number or mass of proteins, it would be possible to regard these rRNAs as demonstrating those functions of rRNAs that are too specific or complex to be replaced by proteins.
With such an unusual rRNA complement the mitochondrial Hbosomes of trypanosomes might have unusual properties. A high prote1n/RNA ratio might make the Mbosomes unstable 1n standard isolation proedures, explaining the problems encountered in their isolation. The 12S rRNA lacks the sequence that appears to be required for CAP resistance and this could explain some of the unusual results obtained with mitochondrial protein synthesis 1n trypanosomes. Cellular protein synthesis 1n the Insect trypanosome Crithidia is insensitive to inhibitors of mitochondrial protein synthesis like D-chloramphenicol or ethidium bromide and completely inhibited by inhibitors of cell-sap protein synthesis, like cycloheximide or anisomydn (79; R. Benne, personal communication). In contrast, two papers have reported CAP-sensitive protein synthesis 1n J. brucei (80, 81) , but both present results that are open to alternative Interpretations. The origin of the CAP-sens1t1ve ribosomes isolated by Hanas et_ a_K (80) was not verified and we doubt whether they come from the mitochondria. Sp1th1ll et a]_. (81) isolated a mitochondrial fraction from J_. brucei and found the ami no add Incorporation into acid-soluble material of this fraction to be partly sensitive to CAP and other inhibitors of prokaryotic protein synthesis. Since the level of Incorporation 1n these experiments was about two orders of magnitude lower than in mitochondria from other organisms, the significance of this activity for mitochondrial biosynthesis Is doubtful. We maintain, therefore, our prediction that mitochondrial ribosomes of trypanosomes will turn out to be resistant to CAP. Unlike any other mitochondrial ribosomes, they might even be sensitive to cycloheximide, which would provide the simplest explanation for the lack of cycloheximide-insensitive protein 121 synthesis in trypanosotnes.
The sequence reported here reveals several other interesting features. The kinetoplast genome is clearly unlike that of fungal mitochondria, in that the rRNA genes are not "split" (cjf. :39,82,83,84,85) or widely dispersed, but it is also unlike that of mammalian mitochondria where tRNA genes are interspersed among rRNA and mRNA genes (34) 
